Fast ion physics will play an important role for the international thermonuclear experimental reactor ͑ITER͒, where confined alpha particles will affect and be affected by plasma dynamics and thereby have impacts on the overall confinement. A fast ion collective Thomson scattering ͑CTS͒ diagnostic using gyrotrons operated at 60 GHz will meet the requirements for spatially and temporally resolved measurements of the velocity distributions of confined fast alphas in ITER by evaluating the scattered radiation ͑CTS signal͒. While a receiver antenna on the low field side of the tokamak, resolving near perpendicular ͑to the magnetic field͒ velocity components, has been enabled, an additional antenna on the high field side ͑HFS͒ would enable measurements of near parallel ͑to the magnetic field͒ velocity components. A compact design solution for the proposed mirror system on the HFS is presented. The HFS CTS antenna is located behind the blankets and views the plasma through the gap between two blanket modules. The viewing gap has been modified to dimensions 30ϫ 500 mm 2 to optimize the CTS signal. A 1:1 mock-up of the HFS mirror system was built. Measurements of the beam characteristics for millimeter-waves at 60 GHz used in the mock-up agree well with the modeling.
I. INTRODUCTION
Plasmas for thermonuclear fusion contain a highly nonthermal population of fast ions which may carry about one third of the plasma kinetic energy. Ions are accelerated to high energies by neutral beam injection ͑NBI͒ or ion cyclotron resonance heating ͑ICRH͒. They are also born in the deuterium-tritium fusion reaction which is the workhorse of particle heating for reactors which approach or reach the break-even condition. The dynamics of the fast ions plays an increasingly central role as fusion power plant conditions are approached: fast ions must be confined in the plasma long enough to heat the bulk plasma. However, they also drive instabilities and may leave the plasma before they have transferred their excess energy to the bulk plasma. It is therefore essential to understand the dynamics of fast ions in fusion plasmas.
1-3 Collective Thomson scattering ͑CTS͒ offers the opportunity to diagnose confined fast ions resolved in space, velocity space, and in time. In CTS, one monitors a signal of radiation resulting from scattering of a powerful beam of probe radiation on collective fluctuations in the electron distribution. The velocity distribution along a chosen direction ͑given by the scattering geometry͒ can be inferred from the spectral content of the scattered radiation. [4] [5] [6] As the fast ion distribution may be highly anisotropic, the velocity distribution should optimally be resolved in at least two directions, where perpendicular and parallel to the magnetic field is a good option. The spatial location of the measuring volume and the spatial resolution are given by the intersection of the probe beam and the receiver beam collecting the scattered signal. The CTS diagnostic has been previously successfully applied in the JET experiment 7 and in the TEX-TOR experiment. 8 Preliminary results of the CTS system at ASDEX Upgrade have been presented. 9 Here we discuss the CTS system for the international thermonuclear experimental reactor ͑ITER͒ which is designed to meet ITER diagnostics requirements. [10] [11] [12] The CTS system on ITER is composed of two subsystems: the near perpendicular velocity components of the fast ions with respect to the magnetic field can be resolved with a receiver antenna on the low field side ͑LFS͒, whereas a receiver antenna on the high field side ͑HFS͒ will be required for resolution of the near parallel velocity components. It has been shown that the CTS signal to be measured in a burning ITER plasma will be dominated by alpha particles whereas contributions from NBI and ICRH will be relatively small. [13] [14] [15] Space for the CTS subsystem with the antenna on the LFS has been reserved, but the other subsystem with the antenna on the HFS is not part of the ITER baseline design. 16 In this paper, we present a compact design solution for a CTS antenna on the HFS. In Sec. II, we briefly describe the CTS system at ITER. Section III is focused on the HFS antenna. In Sec. IV, measurements and simulations of beam propagation through a 1:1 mock-up of the envisaged HFS ITER CTS system are presented and conclusions are drawn in Sec. V.
II. THE CTS DIAGNOSTIC FOR ITER
Following the ITER design review, the CTS subsystem with the receiver antenna on the LFS has been enabled in the current ITER baseline design. 16 the near perpendicular velocities of fast ions can be measured at several locations simultaneously. Here, we discuss a CTS subsystem with the receiver antenna on the HFS which would enable resolution of near parallel velocities of the fast ions. The design of both CTS subsystems has progressed considerably. 11, [17] [18] [19] The envisaged additional CTS system with the receiver on the HFS will utilize a 60 GHz gyrotron with 1 MW power as probing beam. The system is capable of resolving the fast ion distribution in at least 16 velocity intervals with a spatial resolution of at least 1/10th of the minor radius and a time resolution better than 100 ms. 10 The gyrotron radiation enters the plasma from the LFS equatorial port plug and is received on the HFS. In terms of technology, the CTS system for ITER differs from the previous successful CTS experiments on other machines due to much larger heat and neutron fluxes in the ITER experiment. This radiative environment results in different choices in materials and design as compared to other machines. Second, the CTS system for ITER has to be designed within the geometric constraints given by the machine. To protect the other systems from the severe neutron and heat flux ͑e.g., the superconducting coils͒, the slits providing optical access to the plasma have to be as narrow as possible. The scattered CTS signal captured on the HFS in the vessel first needs to go from the plasma through the slit in the blanket of the inner wall of the vessel. Therefore, a slit with a dimension of 500 mm width and 30 mm height should be cut in the blanket. Figure 1 shows the part of the blanket out of which the slit needs to be cut. A microwave beam passing through this aperture can be described as an anisotropic Gaussian beam for which the horizontal beam width is 100 mm and the vertical beam width is 10 mm. The aperture should be large enough to capture 1.6 times the Gaussian beam width in order to catch 99.9% of the radiation and to avoid reflections. This will result in an aperture opening of 300ϫ 30 mm 2 . The minimum required vertical slit dimension was obtained from a full wave simulation. The beam passing this aperture is anisotropic. However, at the receiver antenna, an isotropic beam is preferred because of the design of the receiver horn antenna. Therefore, mirrors behind the blanket are required to reshape the anisotropic Gaussian beam into an isotropic Gaussian beam. We refer to this beam as the center beam. The mirror system and the horn antenna are designed for optimal transmission of the center beam. Since the fast ion distribution shall be measured at several locations in the plasma, beams from different incident angles ͑Ϯ15°͒ in the horizontal plane shall be accepted. This requires the enlarged aperture in the horizontal direction with a width of approximately 500 mm. Beams coming from different angles with respect to the center beam require different horn positions since the mirrors are fixed. The distance between these horn antennas determine the distance between measurement locations in the plasma. In this work, only the center beam is considered.
III. DESIGN OF THE HFS ANTENNA
The space for the mirrors behind the blanket is limited to 190 mm vertically, 300 mm horizontally, and 230 mm radially. Keeping these boundary conditions in mind, the mirror shapes for a quasioptical transmission line were computed by calculating the propagation of an anisotropic Gaussian beam. The beam parameters at the slit in the blanket are given by the slit dimensions. The distance between two adjacent measurement locations in the plasma is determined by the distance between two adjacent horn antennas and therefore limited by the beam size. A small beam size allows a close arrangement of the horn antennas and therefore allows decreasing the distance between measurement locations in the plasma. In order to reshape an anisotropic beam with given widths and curvatures at the beginning and at the end of the beam, at least two mirrors are required. Due to the large difference in the beam dimensions between slit and horn antenna, the reshaping should be performed on a propagation path long enough to be well within the paraxial approximation of Gaussian beam propagation. Due to the limited space, a long, straight path is not possible. Therefore, two additional mirrors were employed to increase the optical path length between the slit and the horn antenna. The mirror shapes, which are required to reshape the beam according to these boundary conditions, are calculated. Mathematically, the mirrors are surfaces of tori. The mirror surfaces and the beam shape are shown in Fig. 2 . The beam enters the receiver at the top and leaves at the bottom. Figure 3 The data for the mirror surfaces were imported into the computer-aided design ͑CAD͒ software CATIA V5 where the hardware design was made. Figure 4 shows the mirror assembly, and Fig. 5 shows the mirror assembly integrated in the blanket. Figure 5 shows also the design which has been set up in the laboratory as a 1:1 mock-up in order to verify the calculation of the beam propagation. The corrugated horn antenna shall accept an isotropic Gaussian beam with a beam waist of 4.5 mm corresponding to a divergence angle of 20.3°. A corrugated horn antenna for a frequency of 60 GHz was designed and built based on previous work.
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IV. MEASUREMENT OF THE BEAM CHARACTERISTIC OF THE HFS ANTENNA
A. The characteristic of the corrugated horn antenna
In order to verify whether the horn meets the requirements, a 60 GHz oscillator was mounted at the port of the horn, and the device was used as a millimeter-wave source. The beam pattern in front of the horn opening was measured at various distances from the horn. Figure 6 shows the Gaussian beam width versus the distance for two orthogonal directions. From these measurements, the divergence angle is obtained. The beam was found to be slightly elliptical with a measured deviation of less than 3% from the ideal circular pattern. The divergence angles for the major and minor axes were found to be 19.0°and 19.8°, respectively. This corresponds to beam waists of 4.8 and 4.6 mm ͑inside the horn antenna͒, respectively. The measured beam sizes in two orthogonal directions are in good agreement with the designed beam sizes.
B. The characteristic of the mirror system
In order to test the propagation of radiation through the entire receiver optics, the horn antenna is integrated into the mirror assembly ͑see Fig. 7͒ . A detector, which is movable in the y-z-plane, is used to characterize the beam pattern at various distances x from the reference point ͑Fig. 7͒. Figure  8 shows a contour plot of the beam intensity in the y-z-plane at a distance of 166 mm from the reference point. The distance between the reference point and M1 is 80 mm. The beam widths in the y-and z-directions at various distances from the reference point are shown in Fig. 9 . The circles in Fig. 9 show the divergence of the beam from the reference point in the z-direction. The beam waist is calculated from the divergence angle and is found to be 8.3 mm. This is within an error of 13% compared to the calculated value of 9.4 mm. The squares in Fig. 9 show the beam width at approximately 100 mm in the y-direction. A converging beam can be seen in the y-direction. The calculation ͑solid curve through the squares in Fig. 9͒ shows a converging beam with a beam waist of 47 mm at a distance 2.7 m away from the reference point. The beam could not be measured at distances larger than 0.35 m from the reference point due to a low signal-to-noise ratio which gives rise to a high uncertainty especially for the convergence angle. However, the characteristic is in agreement with the calculation. Microwave sources with higher power will be employed to overcome this problem.
V. CONCLUSION
A design for an additional antenna on the HFS for the CTS system at ITER was discussed. Such an antenna is necessary to resolve the near parallel velocity components of the fast ion distribution. Here we presented a compact design solution of an antenna for such a system which can be accommodated on the HFS of ITER. The required shape of the mirrors in order to ensure an acceptable beam has been computed. The antenna system, consisting of mirror assembly and horn antenna has been verified experimentally with a 1:1 mock-up.
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